This research presents a study in surface-enhanced Raman quantitation of dyes present in mixtures of alizarin and purpurin using standard calibration curves and Langmuir isotherm calibration models. Investigations of the nature of competitive adsorption onto silver nanoparticles by centrifugation indicates that both dyes in the mixture interact with the nanoparticles simultaneously, but only the stronger adsorbing one is seen to dominate the spectral characteristics. Calibration can be carried out by careful selection of peaks characteristic to each dye in the mixture. Comparisons of peak height and peak area calibrations reveal that peak heights, when selected by the maximum value and accounting for peak shifts, prove the better model for quantitation. It is also shown that the microwave nanoparticle synthesis method produces stable nanoparticles with a shelf-life of at least one year that give very little variation within and between uses.
Introduction
Surface-enhanced Raman spectroscopy (SERS) has proven to be a versatile method for the study of various subject matter, including forensically encountered molecules, 1, 2 immunoassays, 3, 4 or traditional heritage investigations and art preservations. Of growing interest has been the use of SERS as a quantitative tool. Considering the intricacies of the surface enhancement mechanism, it should be evident that variations of any component, be it the substrate, target molecules, instrumentation, or other conditions, will have some degree of impact on the success of such attempts. Dyes have been instrumental to the development of SERS due to their high enhancement on silver or gold nanoparticles. 5 One common aspect of dye-substrate interactions is that they typically follow Langmuir adsorption isotherms. As such, for an exact quantitation one would need to know binding or equilibrium constants between target molecules and substrates, as well as substrate characteristics such as surface areas, and surface coverage. Where colloids are concerned, these requirements become increasingly problematic, as colloids tend to have a range of sizes and therefore areas, as well as there being potential variations in concentration, incomplete surface coverage, etc. This does not necessarily indicate that colloids are unsuitable for quantitation, but rather that some deviation from traditional calculations may be expected, as well as that higher errors may be inherent. This is evident even with controlled size nanoparticles systems, 6 where low concentrations have high quantitative uncertainties in excess of 30%. Other methods could be attempted to improve the accuracy, enhancement, or affinity of colloidal systems such as the use cucurbit [8] uril-(CB8-) junctioned gold nanoparticles 7 for quantitative analysis of various dyes. However, this method still requires known associated-equilibrium constants to CB8 for proper calculations or the use of double-layered nanoparticles with a gold core, a cysteamine covering layer with an embedded internal standard, and an outer silver shell. These still yield a Langmuir isotherm, but enable the use of the internal standard to negate or minimize some of the inherent issues with colloidal systems. 8 Alternatively, with the demonstration of silver or gold film-on-nanosphere (FON) as a viable SER substrate 9 for dye detection and work, it has become possible for some of the required calculations to be attempted, due to the fact that surface areas and particle uniformity are a known factor of FONs substrates. As yet, the only study attempting work on binary mixtures using both colloids and FONs 10 observed various dye pairs mixed in different proportions, and attempted a qualitative potential confirmation of dye presence by observing which lowest mixture ratios still presented at the least two characteristic peaks for each dye. Among other issues, it was found that alizarin-containing spectra were dominated by alizarin. The study did present its feasibility for use in determination of dyes used in historical artwork by comparison to reference pure and mixture spectra.
A simpler method for reducing the impeding factors inherent to colloids is to first attempt to reduce their size variation, as well as restrict the variability that may be imparted by the analyst by carefully designing and following the same protocol for all studies. A recent demonstration 11 shows that microwave-assisted reduction of silver through citrate in the presence of glucose creates more narrowly distributed nanoparticle sizes, as well as reduces the synthesis times considerably.
The following experiments were performed to assess whether quantitation of binary dye mixtures can be attained via SERS using microwave-reduced silver nanoparticles. In particular, our test mixtures were made up of alizarin and purpurin, dyes that are known to have been commonly used together historically. The two dyes are similar in structure, purpurin having one more hydroxy group than alizarin, and this similarity has made each particularly difficult to distinguish or separate spectroscopically using either SERS or ultraviolet-visible (UV-Vis) techniques. 12 Given that the typical matrix from dye extractions does not have significant SERS effects to obscure the dyes, 13 the prepared samples were considered of sufficient complexity to real-life extractions in the case of binary dyes.
Across the length of this project and other work, the stability of this nanoparticle system was tested by repeatedly measuring alizarin and purpurin 10 À4 M standard solutions under the same conditions.
The study also aimed to identify whether competitive adsorption onto the silver nanoparticles would play a significant role in interfering with the identification of mixtures. An initial assumption was that, due to different affinities of the dyes to the silver nanoparticle surface, the more strongly bonded dye could be potentially removed within one or two centrifugation cycles, leaving the second dye in the supernatant; this could then be mixed with silver nanoparticles and quantified. The assumption was tested against data collected from mixtures with no centrifugation steps. Furthermore, to assess the competitive binding aspect, we tested whether the order in which the dyes were placed in the nanoparticle mixtures that were centrifuged would make a difference.
Materials and Methods

Silver Nanoparticles and Standards
Stock solutions of 10
À2 M alizarin and purpurin were made in 10% ethanol by weighing proper dye powder amounts (Sigma-Aldrich powders, 122777 alizarin, and 229148 purpurin). Concentrations of 10 À3 M through 10 À6 M were made by dilution from the 10 À2 M stocks. Silver nanoparticles (AgNP) were produced through the reduction of 12.5 mL of 5 Â 10 À4 M silver sulfate in the presence of 1 mL of 1% (w/v) glucose by the addition of 0.5 mL of 1% (w/v) sodium citrate and microwaving to a temperature of 120 C for 1 min by the use of a high-pressure Teflon capped container, followed by centrifugation, removal of excess sodium citrate, and a 1:4 dilution.
Instrumentation
A Bruker Senterra Raman Microspectrometer equipped with a 488 nm laser excitation source was used. All sample readings were performed using a 20Â objective, 30 s integration times, and a 10 mW laser output. An aluminum microscope slide was used as a stage for sampling solution drops.
Method 1: Centrifugation Mixtures
Two sets of dye mixtures were prepared where, for one, alizarin was first added into 5 mL of AgNP in Eppendorf centrifugation tubes, and the second with purpurin added first. Each set was allowed to rest for 5 min before addition of the other dye. The dye mixtures were in 0 mL to 1 mL, 0.2 mL to 0.8 mL, and 0.5 mL to 0.5 mL series with a total concentration of 10 À4 M. Once both were added, a further 5 min were allowed for mixing. Each prepared tube was centrifuged at 14 000 rpm for 10 min. After centrifugation, 3 mL of the supernatant was extracted and added to a second set of tubes containing 5 mL of AgNP. To the remaining liquid (which we named centrifugate), 0.5 mL of 0.5 M KNO 3 was added to aid aggregation of the nanoparticles. Aliquots of the liquid were sampled with a 488 nm laser excitation beam. This step was repeated for another round of centrifugation.
Method 2: Non-Centrifuged Mixtures and Concentration Testing
Solutions of pure purpurin, pure alizarin, and 1:4, 2:3, 3:2, and 4:1 alizarin to purpurin mixtures at total dye concentrations of 10 À3 M, 10 À4 M, 10 À5 M, and 10 À6 M were made for calibration purposes. Five SERS spectra were obtained for each. As previously described, each sampled drop was mixed with AgNP and KNO 3 .
Five model-testing mixtures of alizarin and purpurin were then prepared by mixing proportions of known 10 À4 and 10 À5 M dyes, such that alizarin percentages of 2.4%, 9.1%, 50.0%, 90.9%, and 97.6% were obtained. The analyst obtained five SERS spectra for each given sample, while also building a new calibration curve from 10 À4 M total dye concentration, to check the model stability.
Method 3: Silver Nanoparticle Stability Testing
It should be noted that the same batch of AgNP was used for obtaining all SERS spectra and other work spanning over one year. The silver nanoparticles had been prepared over one year prior to the last experiment and have been kept in the dark in a refrigerator. As such, pure alizarin and pure purpurin 10 À4 M spectra collected at 0, 185, and 409 days were used to assess the stability and longevity of the microwaved nanoparticle system. Raw spectra truncated to the range of 300-1800 cm À1 and rubber-band corrected in R-studio using the rubber-band correction function of the hyperSpec package, with a 300 noise level and 20 of freedom. Following, the mean and standard deviation across each date for each wavelength of the spectra, as well as across all dates were calculated.
Data Analysis
Peak height was based on the maxima for each spectrum surrounding 968 cm À1 for purpurin, and 1012 cm À1 for alizarin, while peak areas were calculated using OriginPro 9 Peak Analyzer peak integration. For both centrifuged and non-centrifuged data, the ratios of peak height or peak area were calculated using the following equation
where I can be substituted for either height or area, and R is the ratio resulting from either peak height or area calculations. All calibration data ratio values for zero percent alizarin were negative values. As such, each data set was initially forced through the origin by adding the smallest zero percent alizarin ratio to all data points. This value was retained for each model, as it is required to be added to the test dye mixture area or height ratios for accurate prediction. The calibration models were built using a Langmuir isotherm
where q and b were calculated by taking the inverse intercept, and the intercept divided by the slope of the best fit line for the reciprocal of each data set. In this model, qb is the slope of the curve, while b is considered the dye affinity coefficient to the surface, q the maximum ratio threshold, and y is the calculated peak ratio. OriginPro 9 and R-Studio software were used for data processing.
Results and Discussion
Centrifugation Mixtures Figure 1 shows baseline-corrected areas of interest of the SER spectra of alizarin and purpurin at 10 À4 M concentrations. Peak 1012 cm À1 for alizarin and 968 cm À1 for purpurin were selected as being optimal for quantitation work due to the minimal overlap between the two dyes. Ratios of the two peak heights or areas in alizarin-purpurin mixtures should enable quantitation of the dye percent content.
As seen in Fig. 2 , following centrifugation the supernatants of the first and second step did still contain some dye given the alizarin-characteristic shape formed by the peaks between 1200-1400 cm À1 ; however, the close to baseline intensity of the peaks of quantitative interest, as well as the fact that centrifugation did not entirely remove one of the dyes, meant that centrifugation would not be a useful step for quantitative purposes. Figure 3 shows the trends of peak height ratios in both alizarin-added-first mixtures (top) and purpurin-added first mixtures (bottom). The ratios most indicative of a competitive binding process are the centrifugate samples, due to a perceivable slope decrease dependent on the concentrations, as opposed to the small slope increase for the supernatants of the first and second centrifugations.
Although there is evidence that alizarin has a stronger affinity for the nanoparticles than purpurin, both dyes were mostly extracted after the first centrifugation step. This is evident from the close-to-zero average of the first and second supernatants regardless of dye concentration. This suggests a different model of how these dyes interact with the colloids in mixtures than our initial assumption. In particular, our findings indicate that the higher-affinity dye may create a first covering layer that contributes to most of the enhanced signal, while the second dye creates weak bonding to the first, but participates just weakly to the produced spectra. As such, centrifugation would remove not only the higher affinity dye, but rather both; this is evident from the spectral degradation seen after centrifugation, and from the fact that alizarin (in this case the higher affinity dye) is still present after two centrifugation steps. As such, centrifugation is not an ideal step in binary mixture investigations or quantitation.
Regardless of centrifugation, we can see that the lower affinity dyes are displaced from the surface regardless of having interacted with the nanoparticles longer, as shown by the increasing slope proportional to alizarin concentration for the purpurin-first trends in Fig. 3 . Given that the ratio formula is set to calculate alizarin trends, the higher ratio indicates more alizarin.
This means that there is competitive binding to the nanoparticle surface, and that makes simple separations of the two dyes by centrifugation impossible. We did not consider that resonance has any significant effect in our study since our 488 nm excitation was closer to the electronic absorption of purpurin (481 nm), than that of alizarin (430 nm) 14 and yet we observed alizarin as having spectral dominance. Figure 4 shows sample spectra of alizarin-purpurin mixtures at a total concentration of 10 À4 M. A clear increase and decrease in the selected 968 cm À1 and 1012 cm À1 peaks can be seen as the concentration of each individual dye changes. Similar trends were observed for spectra at total concentrations of 10 À3 M, 10 À5 M, and 10 À6 M. To be noted is that in this case, the 80% mixture peak heights for 1012 cm À1 are higher than the rest. This we attribute to the well-known issues of SERS reproducibility of peak intensities; nonetheless, it does not invalidate our findings, as observed through the later calibration curves, because we are calculating peak ratios as per Eq. 1 as opposed to reporting direct peak heights or areas. Figure 5 shows four quantitative models for the determination of alizarin percent in a mixture for each of the prepared total dye concentration mixtures, based on peak height calibration calculations. Figure 6 shows the same quantitative models based on peak area calibration calculations. The predicted and actual alizarin concentrations of five dye mixtures used for validating the quantitative models can be seen plotted.
Non-Centrifuged Mixtures and Concentration Testing
The highest R 2 values were obtained for both 10 À3 M total dye concentrations for both peak area and peak height models. It would also seem from the R 2 values that the peak height models are better fit for all lower total dye concentrations compared to the peak area models. The second highest R 2 obtained was for the peak height model of the 10 À4 M total dye concentration. It should also be noted that the 10 À3 M platforms indicate a saturation of the nanoparticles, and as such a highly nonlinear behavior unfit for quantitation. Table 1 represents a summary of the prediction results based on calibration curves built both on the same and different days than when the alizarin-purpurin mixtures were tested. Both peak height and peak area data are reflected in the table. The results are summarized by using the mean of each prediction, the relative standard deviation (RSD), and the absolute and percent error to the actual alizarin concentration. The mean absolute percent error (MAPE) indicates the overall accuracy of each of the predictive models. Figure 7 shows the peak height (upper) and peak area (lower) quantitative models based on 10 À4 M total dye standard concentration curves built on the same day as when the binary mixtures of alizarin and purpurin were tested. Predicted and actual alizarin concentrations for the dye mixtures are present on both curves.
It is possible that given an excess of nanoparticles, any total dye concentration can be analyzed for the determination of each dye percentage, as observed in Figs. 5 and 6 because the coefficients determined for some models were on the same order, and presented high Rsquared values. It becomes apparent from Figs. 5 and 6 that peak heights, determined by taking the maximum peak value accounting for peak shifts, as opposed to taking a fixed wavelength value, prove a better quantitative model than peak areas. The possibility of quantifying unknown solutions of alizarin and purpurin was assessed by testing of five binary mixtures. As seen in Figs. 5 and 6 , the mixtures were quantified using the previously built models, alongside a calibration curve using 10 À4 M total dye concentration sampled on the same day as the five mixtures (Fig. 7) . As with the data sets, the binary mixture data ratios were corrected when evaluated by each model by adding the smallest 0% alizarin value of the model to all data point values. From both same-day and different-day concentration calibration curves we can see that an estimation of all sample alizarin percentage could be obtained. From the MAPE values in Table 1 , we can further see that except for two cases, peak height models had better predictive accuracy; the first exception is the 10 À3 M model which, as seen from Figs. 5 and 6, is indicative of saturation of the nanoparticle surface which would lead to high errors. The second exception is that of the 10 À5 M data which present with a lower MAPE value for the peak area than peak height; nonetheless, the error (42.94%) is beyond acceptable for quantitative purposes. Considering all models, one can see that the peak height lower relative standard deviation, lower absolute and percent errors, as well as lowest MAPE value indicates that the best quantitative model is given by same day calibrations built using peak height values for overall dye concentrations of 10 À4 M. This should not be a surprise, as most quantitative work performed using wet chemistry implies that both quantitation curves and unknown mixtures be handled on the same day. Regardless of the model, higher errors are observed for the lower and higher concentrations, which may indicate the potential working range of these models. For our best predictive model, the same day peak height curve with a total dye concentration of 10 À4 M, we would suggest working region of 5-95% alizarin content.
Silver Nanoparticle Stability Testing Figure 8 shows the microwaved nanoparticle system stability across the span of over a year by plotting the mean and standard deviation of each date spectra for alizarin and purpurin. An average plot for each dye and standard deviation can be seen as well. Table 2 represents the average and maximum values for percent relative standard deviation. The first was obtained by dividing the average values for the standard deviation for both alizarin and purpurin by the mean of the spectra peaks, taken between 1000 cm À1 and 1875 cm À1 due to higher deviations being observed on this second half of both spectra. The second was obtained by dividing the maximum standard deviation to its corresponding peak value.
Considering the stability of the microwaved nanoparticle system with regard to time, we can see from Fig. 8 and Table 2 that within same-day variations are around 10%, while over time the deviation varies below 20% for alizarin analyses and below 15% for purpurin. The overall average percent relative standard deviation is seen to be high. Nonetheless, depending on the target of analysis, it should become apparent that, for quantitative work if employed similarly to our study, one removes the bias inherent in Raman and SERS intensity reproducibility when working with solutions. For qualitative work, normalizing the spectra will reduce the deviations imparted from using the microwaved nanoparticle system over time. The maximum relative standard deviations present a similar trend to their average counterparts.
Conclusion
Although competitive binding is an issue in binary mixtures of dyes, it is not a simple and straightforward mechanism that governs how these mixtures interact with silver nanoparticles. We found that simple mechanical separation by centrifugation is not feasible because the dye-nanoparticle interaction is more complex than initially assumed. As such, SERS quantitation using a liquid colloid system can be attained, although with some degree of error, by building calibration models which are then treated in the same way as the target mixtures. As shown, the models should be built on the same day as when investigating the binary mixtures. Although higher percent errors are observed for low concentrations, it should nonetheless be evident that their absolute errors are not large, indicating some form of intermediate precision for such models; by comparison of MAPE values, we see that peak heights prove the better quantitative unit. Further, it was demonstrated that one batch of nanoparticles can be effectively used and with low overall deviations for at least the span of one year. This stability greatly improves the reliability of the microwave-reduced nanoparticles, as well as their value overall for use as a SERS substrate. Further investigations of this method's batch to batch comparability can be seen in Muehltehaler et al. 2 Future studies are recommended to assess whether binary mixtures of different dyes could potentially be studied similarly to our alizarin-purpurin mixtures. We consider that alizarin-purpurin mixtures present potentially the most difficult quantitation challenge due to their near-identical chemical structure. We suggest that a next investigative step would be in combinations of alizarin and purpurin with laccaic acid and carminic acid, as they are also known to present quantitative challenges and obstruct alizarin and purpurin. Careful tailoring of the nanoparticle system by either employing films, embedding an internal standard by using multilayered nanoparticles, or by strictly controlling particle size using polystyrene nanobeads covered with reduced silver or gold could potentially be investigated towards the reduction of our observed errors, maintaining a strict control of the calibration procedure. 
